Abstract-Low loss superconducting microstrip is an essential component in realizing 100 kilo-pixel multichroic cosmic microwave background detector arrays. We have been developing a low loss microstrip by understanding and controlling the loss mechanisms. We present the fabrication of the superconducting microstrip, the loss measurements at a few GHz frequencies using half-wavelength resonators, and the loss measurements at 220 GHz frequencies with the superconducting microstrip coupled to slot antennas at one end and to TES detectors at the other end. The measured loss tangent of the microstrip made of sputtered Nb and SiOx is 1-2e-3.
I. INTRODUCTION
T HE cosmic microwave background (CMB) has played a pivotal role in cosmology and particle physics since its discovery. Current and future CMB experiments are aiming to measure and understand the CMB B-mode polarization [1] , [2] . CMB measurement is sensitivity-limited making very large detector arrays critical for future CMB focal planes. The most competitive detector technology utilizes superconducting microstrip transmission line, which connects a receiving antenna to TES bolometers. Typically, these transmission lines are equipped with inline filters which define the optical passband. Examples of this technology are the lenslet coupled antenna of the POLARBEAR experiment [3] , the phased-array antenna of the BICEP2/KECK experiments [4] , [5] , and the feedhorn coupled TES polarimeters utilized by the SPTpol experiment [6] . Our work focuses on the implementation of microstrip technology for mm-wave multi-chroic pixels [7] which will be used in the upcoming SPT-3G experiment [8] .
The work presented in this paper aims to understand and characterize the loss in superconducting microstrip. There are two known loss mechanisms. The first loss mechanism is Twolevel System (TLS) loss [9] , which arises from the amorphous nature of the dielectric used in the microstrip. The TLS has a broad spectrum with splitting energies ranging from a few milli-Kelvin to a few tens of Kelvin [9] , [10] . The second loss mechanism is quasi-particle loss associated with the breaking of Cooper-pairs in materials with a superconducting gap that is comparable to our photon energies. At our frequencies of interest, 70-270 GHz, such a superconducting gap corresponds to a T c < 2.5 K. Layers of lossy superconductor can be the result of film contamination, poor film quality, or interactions with the underlying dielectric layer [15] .
For a superconducting transmission line, the attenuation of transmitted signal power is P = P 0 exp(−δ2πL/λ), where P 0 is the input power, λ is the wavelenth of the signal in the microstrip, L is the length of transmission line, and δ is the loss tangent. In high quality superconducting microstrip with negligible Ohmic losses, the loss tangent is determined by the complex dielectric constant, ε = ε + iε , with tan δ = ε /ε . Multi-chroic pixels for use in instruments like SPT-3G require stable production of microstrip with loss tan δ ∼ 5e − 3 or better.
We have conducted experimental studies exploring and characterizing the loss of superconducting microstrip fabricated at Argonne National Lab. In this paper, we describe the materials and fabrication of our microstrip and present results from our measurements of microstrip loss at RF (∼10 GHz) and mmwave (∼220 GHz) frequencies.
II. MICROSTRIP FABRICATION
Our microstrip consists of a 300 nm thick Nb ground plane, a 0.5 μm thick silicon dioxide dielectric spacer, and a 300 nm thick Nb transmission layer (see Fig. 1, inset) . It is similar to other microstrip used at millimeter and submillimeter wavelengths [3] - [6] . Silicon dioxide has a relatively low dielectric 1051-8223 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. constant, which helps with making high impedance microstrip with transmission lines that are 1-10 μm wide [7] . Our devices are fabricated at the Materials Science Division (MSD) and the Center for Nano-scale Materials (CNM) at Argonne National Laboratory. Our substrates are silicon wafers which have been coated with 1 μm thick low-stress silicon nitride deposited by LPCVD. We use confocal DC magnetron sputtering to deposit both the superconducting Nb films and the dielectric layer. The dielectric deposition is carried out in an Argon and Oxygen plasma. Light RF biasing of the substrate during deposition provides ion bombardment during film growth increasing the density and improving the film surface smoothness. We use a plasma with Argon gas at 25 mTorr and Oxygen gas at 4.4 mTorr. By controlling the oxygen flow rate and the sputtering rate of crystalline silicon, we can produce dielectric films of SiOx, with x ≈ 1.9. The substrate is heated to 200 C during the dielectric deposition to improve planarization of the dielectric film (see Fig. 2 ). The Nb deposition is carried out with the substrate at room temperature. After deposition of the Nb-SiOx-Nb trilayer, the devices are patterned with contact mask lithography and etched with Reactive Ion Etching (RIE).
III. LOSS MEASUREMENTS AT RF FREQUENCIES
Recent work has utilized measurements of RF resonators to provide insight into the loss of superconducting microstrip [11] . We adopt a similar approach to characterize the loss in our microstrip using half-wavelength resonators. Each of our res- Fig. 3 . A half-wavelength microstrip chip mounted for testing. Four halfwavelength resonators capacitively coupled to a CPW transmission line. Fig. 4 . The resonant frequency shift (δfr/fr) of a half-wavelength resonator as a function of temperature. The stars are measured data. The dashed line is the best fit Two-Level System (TLS) model to the low temperature data (red stars). The solid line is a fit to all of the data where the model includes both the TLS model and a BCS superconductor with energy gap Δ. α is the fraction of kinetic inductance of the resonator. F is filling factor, which is close to one for this layout.
onator chips (Fig. 3) has four half-wavelength resonators, which are capacitively coupled to a Coplanar Waveguide (CPW) feedline (see Figs. 1 and 3) . The resonators are mounted at the second cold stage of an Adiabatic Demagnetization Refrigerator (ADR), which has a base temperature of 50 mK. One end of the CPW is connected to a superconducting coax cable which inputs the excitation consisting of a microwave signal at ∼GHz frequencies. The other end of the CPW connects to an output superconducting coax cable which connects to a HEMT mounted at 4 K. When the probe signal frequency is near the resonant frequency of a resonator, power is dissipated and the transmission coefficient is much less than 1. Off resonance, the transmission coefficient of the probe signal is near unity.
We can model the loss in our microstrip by measuring the shift in a resonator's resonance frequency as a function of resonator temperature. Fig. 4 shows the measured resonant frequency shift as a function of temperature and the best fit loss models of an Argonne resonator tested at NIST. The dashed line Fig. 5 . Image of the microstrip-coupled TES bolometer for measuring the loss at mm-wave frequencies (220 GHz). Free space radiation is picked up in the microstrip via stubs across the slots of a dual slot antenna. The signal is filtered by stub filters on the microstrip which define the detector optical passband. The filtered signal is then split between two detector arms, one long and the other short. The signal is thermalized and measured by a TES bolometer terminating each of the detector arms. A robust measure of the microstrip loss at mm-wave frequencies can be obtained by comparing the response of the two detectors for multiple lengths of the long arm. is a TLS model [12] , [13] , which matches the data (red stars) below 1.5 K. The estimated loss tangent at RF frequencies is 1.7e-3. The data deviate from the TLS projection above 1.5 K which is likely due to the temperature dependence of the superconducting Nb film's surface conductivity [13] . A naive fit to a simple surface conductivity model consisting of a single BCS superconductor with bandgap, Δ, and kinetic inductance fraction, α, matches the data (blue stars) above 1.5 K with a gap energy that is consistent with Nb. We note that this model is too simple to provide a full description of the Nb surface conductivity which likely requires multiple superconducting layers [16] .
Our data is also encouraging with regards to loss from layers of low gap superconducting material. Since our data spans a temperature range from 100 mK to 2.75 K, we would expect the presence of a lossy superconducting layer with T c < 2.5 K to produce a significant deviation from the TLS model as the sample temperature approaches and then crosses T c . Our data shows no evidence for a superconducting transition between 100 mK and 2.75 K. The only departure from the TLS model is consistent with a superconductor having a gap much larger than our photon energies. The absence of a transition between 100 mK-2.75 K suggests that loss due to Cooper-pair breaking in our microstrip may not be significant at mm-wave frequencies. Taken together, the measured loss tangent of 1.7e-3 and large superconducting gap parameters suggest that this microstrip may have good loss performance at mm-wave frequencies.
IV. LOSS MEASUREMENTS AT MM-WAVE FREQUENCIES
To measure the superconducting microstrip loss at mm-wave frequencies, we have designed and fabricated microstrip loss test structures shown in Fig. 5 . The structure uses a 220 GHz dual slot antenna, a 15% passband stub filter, and two identical TES bolometers which terminate the microstrip and measure the transmitted power through the line. Fig. 6 . Data measuring the microstrip loss at mm-wavelengths. Plotted is the detector response versus the black body temperature. Data from the long (short) detector arms are shown in blue (green). Fits correspond to black body curves for our measureed optical passband centered at 220 GHz with 15% bandwidth. The ratio of the coupling coefficients (parameter "b") indicates the relative power loss between the long and short lines is ∼10% which corresponds to a tan δ = 1.0e − 3. Including systematic uncertainties in our detector calibration places an upper limit on the superconducting microstip loss tangent of tan δ < 2e − 3 at 90% C.L.
In our test structure, we use a circular stub to connect each slot of the antenna to a 3 μm wide microstrip. Each of the 3 μm wide lines tapers to 5 μm width and are combined into a single 10 μm wide microstrip. A stub filter is coupled to the 10 μm line to define the optical passband for the device. The 10 μm microstrip is then split into two 5 μm wide microstrips each of which is resistively terminated at a bolometer. The microstrip lines feeding the two TES have different lengths with the differential length between the two arms ranging from a few millimeters to a few tens of millimeters. The two TES detectors are voltage biased and operate under strong electrothermal feedback [17] , [18] . They have identical microstrip terminations so that the coupling efficiency to the detectors should be the same.
The devices are cooled by a Simon-Chase He10 sorption fridge mounted off a Cryomech PT-415 pulse tube cooler to operate at 300 mK. The devices are readout using a frequency domain multiplexer system [14] and couple optically through a small lenslet to an internal thermal load with near unity emissivity. Four metal mesh filters are inserted between the load and the lenslet to block excess IR emission that is outside our desired passband. The detector's optical passband is set by the stub filters and is measured by coupling this system to a Fourier Transform Spectrometer. We estimate the loss by varying the load temperature and comparing the response of the TES detectors at the end of each arm. Fig. 6 shows data plotting the detector response at various temperatures of the thermal black body. We analyze our data using the equation for the attenuation of transmitted signal power down a transmission line: P = P 0 exp(−δ2πL/λ), where P 0 is the input power, λ = 618 μm is the wavelenth of the signal in the microstrip, L is the length of transmission line, and δ is the loss tangent. From this equation, we can estimate the loss tangent using the ratio of powers measured by the two TES bolometers. The differential line length for this measurement was 14 mm and preliminary analysis of these data suggest that the loss at 220 GHz corresponds to tan δ = 1.0e − 3. The dominant uncertainty in the measurement is a 10% uncertainty in the voltage bias for each TES. Including this uncertainty translates our results into an upper limit of tan δ < 2.0e − 3 (90% U.L.).
Our results do not present insight into the loss mechanisms in our microstrip. However, they are consistent with our measurements at lower frequencies and indicate a loss that is sufficiently low (tan δ < 5.0e − 3) for use in multi-chroic pixels for upcoming CMB instruments like SPT-3G.
V. SUMMARY
At Argonne, we have successfully used DC magnetron sputtering to fabricate superconducting microstrip composed of a Nb ground plane, a Nb conducting layer, and a SiOx dielectric layer. We have measured and characterized the loss in this microstrip at RF frequencies (∼10 GHz) by measuring the temperature dependence of half-wave resonators. The RF data is in excellent agreement with a simple two component model consisting of a dielectric with TLS and a single superconductor consistent with Nb. The loss inferred from the RF data corresponds to a loss tangent of 1.7e-3. We have also measured the loss of this microstrip at mm-wave frequencies (∼220 GHz) by measuring the signal attenuation between different lengths of microstrip line. The mm-wave data indicates less than 10% loss over 14 mm of microstrip corresponding to a loss tangent of < 2.0e − 3, in good agreement with the RF data. The mm-wave and RF data both indicate that the loss in the Argonne-fabricated microstrip is sufficiently low for the multichroic pixels planned for SPT-3G. Future work will include improvements of the mm-wave measurements by measuring the loss over longer line lengths (25-50 mm) and measuring the loss at 100 and 150 GHz frequencies.
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